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(Received 24 November 2005; published 25 April 2006)0031-9007=Extremely high pressures (10 TPa) and temperatures (5 105 K) have been produced using a single
laser pulse (100 nJ, 800 nm, 200 fs) focused inside a sapphire crystal. The laser pulse creates an intensity
over 1014 W=cm2 converting material within the absorbing volume of 0:2 m3 into plasma in a few fs.
A pressure of 10 TPa, far exceeding the strength of any material, is created generating strong shock and
rarefaction waves. This results in the formation of a nanovoid surrounded by a shell of shock-affected
material inside undamaged crystal. Analysis of the size of the void and the shock-affected zone versus the
deposited energy shows that the experimental results can be understood on the basis of conservation laws
and be modeled by plasma hydrodynamics. Matter subjected to record heating and cooling rates of
1018 K=s can, thus, be studied in a well-controlled laboratory environment.
DOI: 10.1103/PhysRevLett.96.166101 PACS numbers: 81.07.b, 47.40.Nm, 62.50.+p, 81.40.zThe study of matter in conditions of extreme pressure
and temperature is an exciting area of condensed matter
physics relevant to the formation of new materials and
modeling the state of matter inside stars and planets.
Creation of such extreme conditions in the laboratory is,
however, a formidable experimental task. So far, pressures
in excess of 0.1 TPa have been obtained using a diamond
anvil in stationary conditions, while transient pressures
behind shock waves generated by chemical or nuclear
explosions or generated using powerful lasers up to
50 TPa have been reported [1,2]. Here we present experi-
mental evidence that one can create TPa pressures, many
times the strength of any material, using low energy pulses
from a conventional tabletop laser.
Recent studies have demonstrated [3–8] that sub-ps
laser pulses tightly focused inside transparent dielectrics
(glasses, crystals, and polymers) can produce detectable
sub-micrometer-sized structural modifications, including
voids. This requires intensities in excess of 1014 W=cm2
which results in a highly nonlinear light-matter interaction
with most dielectrics being ionized early in the laser pulse.
To achieve such high intensities the laser beam should be
tightly focused using high numerical aperture optics into a
spot whose dimensions are of the order of the laser wave-
length ().
Previously the formation of voids in silica was associ-
ated with self-focusing of the laser beam [3]. In fact void
formation can occur in conditions favorable for self-
focusing if the beam is weakly focused into the sample
[9]. Previously, however, there has been no systematic
study of void formation by single fs pulses in conditions
when self-focusing cannot occur. We demonstrate here that
in such conditions nanovoids are formed by the extreme06=96(16)=166101(4)$23.00 16610temperatures and pressures created by optical breakdown
and these drive shock and rarefaction waves in the sur-
rounding material. It is possible that new materials [10–12]
with altered chemical properties [13] could be formed by
such micro-explosions.
The interaction between an intense laser pulse and the
material is fundamentally different when the laser beam is
tightly focused inside a transparent solid rather than on its
surface. Inside the solid the interaction zone containing
high-energy density is confined inside cold and dense
material. For this reason hydrodynamic expansion is either
insignificant or highly restricted. In our experiments
100 nJ, 150 fs, laser pulses at 800 nm were tightly focused
using high numerical aperture optics (NA  n sin  1:35
where  ’ 50 is the beam convergence angle) inside a
sapphire crystal (the sapphire band gap is g  8:8 eV)
into a focal volume less than 3.
To avoid self-focusing, and thus deliver the energy in the
laser pulse to a specific location inside the transparent
solid, requires the laser power to be lower than the critical
value for self-focusing. This critical power depends on the
nonlinear part of the refractive index n2 (n  n0  n2I) as
follows [14], Pcr  2=2n0n2. The critical power of
1.7 MW for sapphire [n2  3:54 1016 cm2=W [15] ]
is much higher than the peak power of 0.5 MW used in our
experiments. Therefore, the laser energy could be delivered
to the focal volume located from 5 up to 50 m below the
crystal surface without distortion.
An array of laser-affected spots was created aligned
along the c plane inside the sapphire crystal using a se-
quence of single laser pulses. The pulse energy was in a
range 20–120 nJ and even the lowest intensity used sig-
nificantly exceeded the optical breakdown threshold. The1-1 © 2006 The American Physical Society
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sample was then cleaved along the c plane and examined
using a scanning electron microscope (SEM). The ob-
served pattern is shown in Fig. 1. Careful examination
revealed that the region irradiated by a single laser pulse
consisted typically of a central void surrounded by a shell
extending to about twice the void diameter. This shell was
identified as amorphous material by chemical etching since
amorphous sapphire has a much higher solubility in hydro-
fluoric acid compared with crystalline sapphire. Indeed, the
shell could be etched away completely using a 10% aque-
ous solution of HF up to a smooth boundary with the
pristine sapphire crystal (Fig. 2). Thus, the exact size of
shock-wave-affected amorphous zone (as discussed below)
could be established. One can see from Fig. 2 that the laser-
modified regions are teardrop-shaped along the direction of
pulse propagation due to spherical aberration caused by the
refractive index mismatch between the immersion oil (n 
1:515) and sapphire (n  1:757).
We define the focal volume as that confined inside the
cylindrical surface where the intensity equals 1=2 of its
maximum value. The radius of this cylinder for a Gaussian
beam is r1=2 ’

ln2=2
p
r0 [16]. The radius of the first Airy
disk for a plane wave focusing approximately equals the
radius of the Gaussian beam where the intensity drops to
1=e2 of the maximum value and can be estimated as r0 
0:61=NA. The axial length of the focal volume is twice
the Rayleigh length 2z0  2r20n=. Hence, the focal
volume V1=2  0:9473n=NA4, and focal spot area S1=2 
0:4052=NA2. For our experiments the focal volume
V1=2  0:288 m3 and the focal area was S1=2 
0:153 m2 leading to an intensity of 3:5 1014 W=cm2
for a 100 nJ pulse.
It is well established [17–25] that multiphoton ioniza-
tion [26] and the ionization by electron impact are respon-
sible for the optical breakdown in dielectrics. In our case a
minimum six photons is required, nph  g=@! 6, to
transfer an electron from the valence to the conduction
band. The six photon ionization rate [18,26] wmpi ’
!n3=2ph "osc=2g	nph  3:5 1016 s1 is a rather fast pro-FIG. 1 (color). Top (a) and side-view (b) SEM images of a
pattern of voids produced by single 150 fs, 800 nm wavelength,
120 nJ (at focus) pulses in sapphire. A focused ion beam mill
was used to generate the transverse cross section of voids located
5 m beneath the surface in (a), while the as-cleaved side plane
is shown in (b). The cone angle of the focused beam, 2, is also
shown (b). Scale bars: 1 m; 0:1 m [inset in (a)].
16610cess (here, "osc is the quiver energy of electrons in the laser
field). The avalanche ionization model for dielectrics has
been recently revisited and improved [24,25]. The ioniza-
tion rate in a dielectric with a band gap g can be ex-
pressed through the effective electron collision frequency
[18]: wa ’ "osc=g	!2eff=2eff !2	. The process of
energy absorption by oscillating electrons occurs due to
electron-phonon collisions early in the pulse, eff 

e-ph  !, and later by electron-ion collisions eff ’
e-i !pe >!, where !pe is the electron plasma fre-
quency. The avalanche ionization rate in both limiting
cases during the laser pulse (!  e-ph  1014 s1; ! 
e-i !pe  1:5 1016 s1) is approximately wa ’
0:3–1	  1015 s1. The interplay of two processes, multi-
photon and avalanche ionization, swiftly converts the irra-
diated part of crystal into solid density plasma (electron
density ne  1023 cm3; average ion charge of 4–5) in
only a few fs early in the pulse.
In a solid density plasma recombination proceeds
mainly by three-body collisions with one electron acting
as the third body [27]. The characteristic recombination
time in the conditions of the experiments is tr  30 fs.
Thus, local ionization equilibrium is established by the
end of the laser pulse. Since the electron density exceeds
the critical density for the laser frequency, the absorption
length and the absorption volume both collapse due to
transformation into the plasma state resulting in a sharp
increase in the energy density deposited by laser.
In a solid density plasma at ne  1023 cm3, the
electron-ion collision frequency is of the order of the
plasma frequency, ei !pe ’ 2 1016 s1 [28]. Thus
the imaginary part of the dielectric function equals 00 

!pe=! 7:59, and the real and imaginary parts of the
refractive index are the same, n 
 k  00=2p ’ 2. The
absorption length then shrinks, ls  c=!k  65 nm, while
the absorption coefficient increases A ’ 4n=n 1	2 
k2 ’ 0:61. Thus, the laser energy becomes efficiently
absorbed in a volume significantly smaller than the focal
volume, Vabs  lsr21=2  102 m3.
The electron-ion energy exchange rate in solid density
plasma is Tme=M	eff 4:781011 s1 [29]. There-FIG. 2. SEM images of a laser-affected region produced by the
150 fs, 800 nm, 100 nJ pulses in sapphire 15 m beneath the
sapphire surface before (a) and after (b) etching for 5 min in 10%
aqueous solution of hydrofluoric acid.
1-2
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fore, the energy equilibration time, 2 ps, is much longer
than the pulse duration. The energy deposited by the end of
the pulse results in electron heating while the ions remain
cold. The electron energy density in the absorbing region at
the end of the pulse can be estimated taking ionization
losses into account as Wdep  2AFp=ls  Eion, where Fp is
the pulse fluence, and the second term includes the total
losses to ionization for aluminum and oxygen to charge
states ZAl and ZO. However, because the recombination
time is shorter than the pulse duration, ionization equilib-
rium is established by the end of the pulse and the electron
density, therefore, saturates. Thus, the maximum pressure
which subsequently drives a shock wave can be simply
estimated from the total deposited energy (Ep  100 nJ,
Fp70:4 J=cm2; S1=20:15m2, ls65 nm; A0:61)
and the absorbing volume, pmax ’ 13:4 TPa), and this sig-
nificantly exceeds the Young’s modulus of sapphire, Y 
0:4 TPa.
Experimentally the dependence of the diameter of the
laser-affected region (the boundary between amorphous
and crystal sapphire) was measured for increasing pulse
energy and the same focusing conditions [Fig. 3(a)]. The
central void only appeared when the pulse energy was
greater than 20–25 nJ. At this threshold the laser-affected
region extended to 250 nm, but the central void was
absent. Examination of the laser-affected region created
in these conditions revealed that this area had lower density
than the surrounding crystal as revealed by differences in
charging during SEM imaging. The pressure driving the
shock wave at this energy already exceeded the Young
modulus by 3–4 times; hence, it created an amorphous
region but was not strong enough to create a void. No
cracks were observed in the crystal surrounding the laser-
affected zone for pulse energies in the range 20–100 nJ.
The onset of crack formation occurred at pulse energies
above 100 nJ when the diameter of the amorphous region
exceeded 500 nm.
The formation of a void and shock-affected zone can be
understood from the laws of mass and energy conservation.
Consider for simplicity spherically symmetric motion. The
shock wave propagating in a cold material loses its energyFIG. 3 (color). (a) The diameter (1) and length (3) of the
amorphous region vs the absorbed pulse energy, Eabs. The voids
were 20 m beneath the surface. Curve (2) plotted by Eq. (1)
with la  80 nm. (b) Dependence of the void diameter on the
diameter of amorphous part: (1) theory by Eq. (2) with   1:14;
(2) experiment.
16610due to dissipation due to the work done against the internal
pressure (Young modulus) that resists material compres-
sion. The distance at which the shock front effectively
stops defines the shock-affected volume. At this point the
shock wave converts into a sound wave, which propagates
further into the material without inducing any permanent
changes. The distance where the shock wave stops can be
estimated from the condition that the internal energy in the
volume inside the shock front is comparable to the ab-
sorbed energy: 43r
3
sp0  Eabs. In other words, at this
position the pressure behind the shock front equals the
internal pressure of the cold material [27]. One can rea-
sonably suggest that the sharp boundary observed between
the amorphous (laser-affected) and crystalline (pristine)
sapphire corresponds to the distance where the shock
wave effectively stopped. The experimentally measured
dependence of the laser-affected zone diameter, Da, (outer
size of amorphous region) on the laser energy can be fitted
according to the argument above by following relationship
Da  la

Eabs3
p
; (1)
where la  80 nm and Eabs is in nJ. This value of the
characteristic length, la, at the threshold energy is in fact
close the absorption depth for plasma, ls, as calculated
above.
Similarly one can apply the mass conservation law to
estimate the density of compressed material from the void
size. Void formation inside a solid is only possible if the
mass initially contained in the volume of the void was
pushed out and compressed. Thus after the micro-
explosion the whole mass initially confined in a volume
with diameter Da resides in a spherical layer in between Da
and Dv, which has a density   0 with  > 1. The void
diameter can be expressed through the compression ratio
and the diameter of laser-affected zone with the help of
mass conservation as follows:
Dv  Da

1 1=3
p
: (2)
Typically we observed Dv  0:5Da which means that
amorphous material has a density 1.14 times higher than
that of crystalline sapphire.
Computer simulations were performed in spherical ge-
ometry using the hydrodynamic code Chivas [30] (ioniza-
tion equilibrium, separate temperatures of electron and
ions, electron heat conduction). We approximated the cy-
lindrical region where the energy was absorbed by an
equivalent sphere, Vabs  r21=2ls  43r3dep. The energy
Eabs  50 nJ was deposited homogeneously in this spheri-
cal volume with radius rdep  0:13 m in a material with
initial density 0. The equation of state (EOS) imple-
mented in the code [31] describes solid-melt-plasma and
reverse transitions. The simulations started after the end of
the laser pulse with the initial electron temperature Te 
26:2 eV and the average ion charge (number of electrons
that are stripped off an atom) hZi  4:3. The hydrody-
namic motion commences after the electrons transfer the1-3
FIG. 4 (color online). (a) Spatial profiles of pressure, P, tem-
perature, T, and mass density, , at 2 and 3 ps after the laser-
induced micro-explosion in sapphire. (b) Density profiles at
0.1 (1), 0.2 ns (2) for a 50 nJ deposited inside a 0:13 m radius
volume. The void has already formed and a weak shock wave
propagates outside it with velocity 11:46 km=s (sound velocity
is 10 km=s). The density 0  3:89 g=cm3 and Young modulus
Y  400 GPa of sapphire are shown by the dashed lines in (a).
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interatomic bonds. The strong shock wave emerges at the
outer surface of sphere where the energy was deposited
compressing the material to a density twice its initial value.
Subsequently, the pressure behind the shock front rapidly
decreases with distance, and finally the shock transforms
into an acoustic wave. A void is formed behind the shock
front and its radius gradually increases. The spatial density
profiles for the time instants 0.1 and 0.2 ns are shown in
Fig. 4(b). The compression ratio at 1 ns reaches its asymp-
totic value of   =0  1:1 which qualitatively agrees
with the density of the amorphous layer deduced from
the experiments, exp  1:14. We note that the remaining
gas density in the central void region at 1 ns is above
0:02 g=cm3. These hydrodynamic calculations predict the
state of the laser-affected solid for the period up to 1 ns
after the pulse in reasonable agreement with the experi-
mental data.
The micro-explosion in sapphire is characterized by the
total absorbed energy E0, initial density 0, and radius of
the energy deposition zone, R0, because the energy depo-
sition time (picoseconds) is negligible compared with the
characteristic hydrodynamic time (nanoseconds). As a re-
sult, the hydrodynamic equations can be reduced to the set
of ordinary equations with one variable [27], 	  r=c0t,
where c0 

p0=0
p
is the characteristic acoustic velocity,
describing any hydrodynamic phenomena with the same
initial pressure and density. A wide variety of explosive
phenomena are thus only distinguished by their different
space, R0, and time scales t0 

r5dep0=Eabs
q
. The similar-
ity laws of hydrodynamics thus suggest that a micro-
explosion in sapphire (E0  0:1 J, 0 ’ 4 g=cm3, R0 
150 nm, t0  5:5 ps) is simply a reduced copy of a macro-
scopic explosion that produces the same pressure at the
same initial density but with the distance and time scales
changed in accordance with the above formulas. Hence,16610experiments using energy densities normally available
only at the high-energy laser facilities dedicated to studies
of inertial confinement fusion [2] can apparently be repro-
duced in laboratory tabletop experiments.
To conclude, we have generated and analyzed the unique
conditions that can be created by a single pulse from a
tabletop fs laser focused inside crystalline sapphire. Ex-
treme pressures of 10 TPa, temperatures of 5 105 K, and
record high heating and cooling rates of 1018 K=s were
generated. This provides the exciting possibility to study
matter in extreme conditions in a well-controlled labora-
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